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Abstract: Human helical membrane proteins with known function were predicted and analyzed from two human proteome
databases: NCBI and UniprotKB/Swissprot. Helical transmembrane topology of each protein was predicted using
streamlined TMHMM and SignalP methods. Some false-positive SignalP predictions were verified and rescued based on
their function annotation. Distributions of transmembrane helix number and molecular weight were analyzed for either the
whole helical membrane proteome or proteins within a specific functional category. Length distribution and amino acids in
different locations of each helix were also analyzed. Genome wide prediction and estimation of human helical membrane
proteins with known function provide a starting point for further studies of membrane protein structure and function and
protein interactions.
Key Words: Human membrane proteome; Helical topology prediction; Number of transmembrane helices; Length of a
transmembrane helix; Amino acid distribution
DOI: 10.3724/SP.J.1260.2011.01030
生物物理学报 2011 年 12 月 第 27 卷 第 12期:




Human membrane systems form an essential barrier
between living cells and their external environments, as
well as compartmentalizing some intracellular organelles
within cells. Membrane proteins in the membrane sys-
tems are very important molecules for information trans-
fer, material transportation and energy metabolism across
membranes. In addition, many membrane proteins are
exposed on the surface of cells and can be targets of
pharmaceutical drugs[1]. However, due to many technical
difficulties, understanding the three dimensional structures
of membrane proteins lag behind understanding water
soluble proteins. Biochemical and functional studies of
membrane proteins are also deterred by difficulties in
obtaining high yield, high purity membrane proteins with
stable conformation. Overcoming these difficulties is
crucial for computational prediction and estimation of
membrane proteins, which is necessary for further stud-
ies of these important membrane integrated molecules.
Most transmembrane proteins are composed of two
different secondary structures: α-helix and β-barrel. Most
β-barrel membrane proteins are found in the outer mem-
brane of prokaryotic cells, mitochondria and chloroplasts
of eukaryotic cells, while α-helical membrane proteins are
much more common in all membrane systems and are
more functionally diverse[2,3]. Here, we focus on the pre-
diction and estimation of human helical membrane pro-
teins.
Transmembrane helices are major components of mem-
brane proteins, having direct contact with the lipid bilayer of
human membranes. Several helices are connected by loops
and packed together to implement different membrane pro-
tein functions, such as acting as receptors, transporters or
gap junctions. Prediction of the number of transmembrane
helices, staring/ending residues or the length of a transmem-
brane helix are important for a preliminary understanding of
how these transmembrane helices are packed together and
form a membrane protein. It has been known that transmem-
brane helices can be tilted in the membrane[4,5] or may contain
some special residues (glycine, proline) to form disrupted
kinks[6], all of which result in the complexity of membrane pro-
tein structures and functions.
Currently, several different methods can be applied
to predict membrane protein topology, based on different
underlying algorithms, such as hidden Markov models
(HMMs) [7], neural networks and support vector machines
(SVMs). Among these different prediction methods,
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TMHMM is known to be the most used, reliable and is a
highly selective program, resulting in fewer false positive
predictions[8]. In order to improve the reliability of TMHMM
predictions, a signal peptide prediction program, SignalP[9],
which discriminates between signal peptide and
transmembrane segments, is also utilized. Although a
new program, Phobius, was developed to combine HMMs
based on TM prediction features and signal peptide
predictions [10], some manual operations need to be
enacted on SingalP prediction results, due to reported
false positive predictions using this program. Therefore,
prediction methods with TMHMM and SignalP are
manually combined for human helical membrane protein
topology predictions.
Here, two up-to-date human proteome databases
(NCBI and Uniprot/Swiss-Prot) were retrieved for further
human helical membrane protein prediction and analysis.
The NCBI human proteome dataset contains a total of
37 391 protein entries, which is more than the Uniprot
human proteome dataset (20 281 entries). Protein entries
in the two proteome databases contain not only primary
protein sequences, but also function annotations. The
availability of annotated protein functions makes it possi-
ble to distinguish false-positive predictions of TMHMM[7,11]
and SignalP[12] methods. However, function annotations of
some proteins in the NCBI database are not confirmed,
but are "hypothetical proteins", while annotated function
of every Uniprot protein is well defined. Functional onto-
logy of each protein contains information on biological
processes, molecular function and cellular components[13].
Topology prediction and analysis of human helical mem-
brane proteins provide very crucial preliminary insights
into proteins with different functional categories. Recently,
human membrane proteome topology prediction and ana-
lysis methods have been reported [8,14], but they are
focused on method and results comparisons for trans-
membrane helix prediction and distribution of transmem-
brane helices. Predictions and analyses of the human
membrane proteome with known functions have not yet
been reported. Prediction and analysis results on the
human helical membrane proteome with known functions
will be very important for further construction of protein
interaction networks (or interactome), either genomewide[15,16]
or within specific phenotypes or diseases[17,18].
Materials and Methods
Dataset of the human proteome
The data used for human proteome analysis were
based on the NCBI protein database (ftp://ftp.ncbi.nih.
gov/genomes/H_sapiens/ protein/, updated in 2009-07-02)
and UniprotKB/Swissprot protein database (ftp://ftp.uniprot.
org/pub/databases/uniprot/current_release/knowledgebase/
complete/uniprot_sprot.fasta.gz, updated in 2010-07).
Human helical membrane proteome predictions
The stand-alone programs for transmembrane helices
predictions (TMHMM v2.0) [7,11] and signal peptide predic-
tions (SignalP v3.0) [12] were acquired from publicly avail-
able websites. The applications were locally installed on
a computer and were run according to instructions from
the authors of the methods. Further preprocessing of the
query sequences were performed with Perl scripts to
comply with the input standard for the two prediction
applications. Prediction outputs were listed in FASTA for-
mat with an entry for one protein, and elements in each
entry were delimited with a space. Further distribution
analysis and data reformatting were processed with
self-developed Perl scripts.
For human helical membrane proteins predicted
using TMHMM and SignalP programs, membrane pro-
teins with a positive SignalP prediction and a single helix
were considered as secreted proteins and they were
removed from the predicted human helical membrane
protein datasets. To avoid false positive predictions with
the SignalP method, each removed entry was examined
manually according to its function annotation. False posi-
tive SignalP predicted proteins were rescued and put
back into the human helical membrane protein datasets
for further analysis and distribution estimation.
Transmembrane helix numbers and molecular weight
distribution analysis
The number of transmembrane helices, and starting
and ending residue numbers of each transmembrane
helix from all 6524 NCBI and 4909 Uniprot human heli-
cal membrane proteins were extracted. Starting and end-
ing residue numbers of each transmembrane helix were
used to calculate the length of each transmembrane
helix. The molecular weight of each membrane protein
was calculated based on the primary sequence of each
protein and molecular weight of 20 different amino acid
residues. Distributions of transmembrane helix numbers,
molecular weight of each protein, and transmembrane
helix lengths in two human helical membrane proteomes
(NCBI and Uniprot) were analyzed using self-developed
Perl scripts.
Transmembrane helix distribution analysis of membrane
proteins in different functional categories
Membrane proteins with different functions were clas-
sified using self-developed Perl scripts, recognizing spe-
cial keywords in function annotation elements in each
human helical membrane protein entry generated as
above. For example, a membrane protein having "ion
channel" in its function annotation was classified as a
channel or channel related protein; "receptor" or "GPCR"
were recognized for receptor proteins; "occudin" or
"claudin" were recognized for gap junction proteins.
Transmembrane helix numbers and molecular weight dis-
tribution analysis of membrane proteins in all functional
categories were also analyzed.
Amino acid distribution analysis in different transmem-
brane helix locations
Previously extracted starting/ending residue numbers
for each transmembrane helix and the primary sequence
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Fig.1 (A) Flowchart of human membrane proteome prediction
and estimation. Number of proteins after each step of analysis
with original data from NCBI (B) and Uniprot (C)

























Entries 37391 7861 －791 ＋199 －745





Entries 20281 5292 －511 ＋128
Result 20281 5292 4781 4909
(C)
of each predicted human helical membrane protein were
applied to derive distributions for 20 different amino
acids. Six different locations in a transmembrane helix
were defined. Amino acid distributions in all locations
were analyzed using self-developed Perl scripts.
Results and Discussion
Number of predicted human helical membrane proteins
Human proteins from NCBI and Uniprot databases
were analyzed using transmembrane topology software
TMHMM (v2.0) and results are listed in Fig.1. A total of
7861 proteins in 37 391 NCBI human proteome entries
(about 21% ) were predicted to contain at least one
transmembrane helix, based on the TMHMM method;
while 5292 proteins in 20 281 Uniprot human proteome
entries (about 26%) were predicted. After TMHMM analy-
sis, signal peptide prediction software, SignalP (v3.0),
was applied to both human helical membrane proteomes
(NCBI and Uniprot). For any positive signal peptide
prediction from both datasets, the number of
transmembrane helices of the membrane protein was
subtracted by one. Therefore, membrane proteins having
a single transmembrane helix with a positive signal
peptide prediction were excluded from the human helical
membrane proteomes and were considered as secreted
proteins. However, many predicted secreted proteins were
found to be false positive, since their explicit function
annotation indicated a real membrane protein function,
such as receptor or membrane enzyme. A total of 199
predicted secreted proteins were manually rescued from
the signal peptide prediction results in the NCBI human
helical membrane proteome; while a total of 128
predicted secreted proteins from the Uniprot dataset were
rescued and confirmed to be a positive helical membrane
protein. Since many proteins in the NCBI human
proteome were annotated to be hypothetical proteins with
unconfirmed function, the hypothetical proteins were
removed from the human helical membrane proteome
before further estimation and analysis of the datasets. In
the Uniprot human proteome, every protein had a
defined function, and no similar process was found.
Distribution analysis on the number of transmembane
helices, length of transmembrane helices and molecular
weight of human helical membrane proteomes
From predicted human helical membrane proteins,
the number of transmembrane helices and residue num-
ber of each transmembrane helix were obtained
from TMHMM results. Distributions of transmembrane
helix numbers are shown in Fig.2A (NCBI) and Fig.2B
(Uniprot). Human helical membrane proteomes from
NCBI and Uniprot datasets have similar distribution pat-
terns for the number of transmembrane helices: more
than 40% of human helical membrane proteins contained
only one transmembrane helix and approximately 11%
contained two transmembane helices. This prediction is
similar to the previously predicted 517 (37.9% ) single
spanning transmembrane proteins over a total of 1365
predicted S. cerevisiae helical membrane proteins [19]. In
C. elegance, a total of 6167 proteins were predicted to
contain one or more transmembrane regions, including
2313 (37.5%) proteins containing a single transmembrane
helix and only 3854 proteins with two or more predicted
TM regions[20]. As seen in Fig.2A, there is a large peak
at 7 predicted transmembrane helices, which is in agree-
ment with the known over-representation of seven trans-
membrane G protein coupled receptors in eukaryotic
cells[21,22]. However, in the NCBI human helical membrane
proteome, the largest number of transmembane helices
was predicted to be 25, versus 23 in the Uniprot human
proteome dataset, probably due to the NCBI human heli-
cal membrane proteome not covering the same mem-
brane proteins as Uniprot.
For each predicted transmembrane helix using the
TMHMM method, the number of residues was also ana-
lyzed and results are shown in inserts of Fig.2A and 2B.
From both datasets (NCBI and Uniprot), most transmem-
brane helices contain 23 residues (>81.5%), followed by
20 residues (~11% ) and then 18 residues (~5% ).
Detailed distributions of residue numbers for each trans-
membrane helix can be found in the supplementary
materials. The height of human membrane protein
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Fig.2 Number of predicted transmembrane helices distribution for human helical membrane proteome from NCBI (A) and Uniprot (B),
and the inserts are length distributions of transmembrane helices from NCBI (A) and Uniprot (B); Molecular weight distribution of
predicted human helical membrane proteome from NCBI (C) and Uniprot (D)
图 2 不同数据库预测的跨膜螺旋数量的分布：NCBI (A)，Uniprot (B)；其中，内嵌的饼图分别显示了两个不同数据库来源的膜蛋
白组中，膜蛋白的跨膜螺旋的长度分布。不同数据库预测的跨膜螺旋膜蛋白的分子量分布：NCBI (C)，Uniprot (D)
helices with 23 residues should match the thickness of
the membrane lipid bilayer in human cells, with most
transmembrane helices being perpendicular to the lipid
bilayer, regardless of transmembrane helix tilt or bending
in lipid bilayers. The next dominating transmembrane
helix residue numbers were 20 and 18, indicating that
there exist some concentrated membrane systems with a
slightly thinner lipid bilayer thickness.
Despite the high percentage of membrane proteins
containing 1 or 2 transmembrane helices, molecular
weight distributions of human helical membrane proteins
were observed to be normal, with their central contents
between 30 and 40 kDa (~20%), while around 21% of
membrane proteins were less than 30 kDa. Among differ-
ent structural biology methods, X-ray crystallography is a
major method and has contributed to ＞90% of mem-
brane protein structures, while only small numbers of
membrane proteins were determined using solution NMR.
However, from molecular weight and helical numbers of
membrane proteins, most human membrane proteins are
beyond molecular weight limits for solution NMR (~59%
of them ＞40 kDa). However, there still are ~21% of
membrane proteins with their molecular weights less than
30 kDa. This immediately indicates that solution NMR can
offer more contributions in membrane protein structural
studies, especially because this method avoids the diffi-
culties of having membrane protein crystals with high
diffraction quality.
Estimation of human helical membrane proteins with a
specific function
Proteins can be grouped into different functional
classes and we have classified the predicted helical
membrane proteins based on their annotated functions in
the NCBI and Uniprot databases. A complete list of
membrane protein functional categories can be found in
the supplementary material. Shown in Fig.3 are gap
junction proteins or receptors with their transmembrane
helix distributions predicted from NCBI or Uniprot
databases. It is obvious that most gap junction proteins
were predicted to contain four transmembrane helices;
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transmembrane helix. Charge residues are almost never
observed in the transmembrane region and they have
more frequent presence in the outside junction region.
Polar amino acids are also observed to have a high per-
centage of transmembrane helices. The two aromatic
amino acids tyrosine and tryptophan, which have polar
side chains and can form hydrogen bonds with polar
head groups of membrane lipids, were also analyzed and
listed separately. The two amino acids have double oc-
currence frequencies in the inside junction region com-
pared to the central region of transmembrane helices. It
is also interesting to note that glycine and proline were
shown to have around 10% occurrence frequency in cen-
tral transmembrane helices. It is hypothesized that
glycine and proline are responsible for kink or bend con-
formations, resulting in structural diversities of transmem-
brane helices [4 ～6]. More detailed distributions for every
amino acid can be found in the supplementary material.
Comparisons between the NCBI and Uniprot human
helical membrane proteome
Although NCBI and Uniprot-Swissprot datasets con-
tain different human proteome (Uniprot datasets have
smaller size proteins), the distribution analysis of several
different aspects (such as number of transmembrane
helices, molecular weight of membrane proteins, length of
transmembrane helices and amino acids) of the whole
human helical membrane proteome or a specific function-
al category all resulted in similar patterns. This implied
that our distribution analysis with this sampling size is
reliable and can provide a valuable overview of human
helical membrane proteome, which will be useful for fur-
ther detailed structural and functional studies of each
specific helical membrane protein, or systematic mem-
brane protein interaction analysis for a specific function
or phenotype[15].
In summary, human helical membrane proteins have
been predicted using TMHMM and SignalP methods with
two up-to-date databases: NCBI and Uniprot. The number
of transmembrane helices, length distributions of trans-
membrane helices, and molecular weight of each mem-
brane protein with a defined function were estimated
from the predicted human helical membrane proteomes.
Membrane proteins were classified based on their anno-
tated functions, and distribution analysis of the transmem-
brane helix numbers for several different membrane pro-
Fig.4 Amino acid distribution of human membrane proteome with known function annotation (A) Definition of different
locations in a transmembrane helix; distribution estimation for different types of amino acids in the human membrane proteome
from NCBI (B) and Uniprot (C)
图 4 具有已知功能的人类膜蛋白质组的氨基酸分布 (A) 跨膜螺旋在细胞膜中不同位置的定义；两个不同人类膜蛋白组数据库的
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tein categories was conducted. The availability of trans-
membrane helix predictions for the human helical mem-
brane proteome enabled distribution analysis of amino
acids in different locations of transmembrane helices.
This information is important for all researchers interested
in probing human membrane proteins and the data could
be a starting point for more in-depth studies of mem-
brane protein structure and function and protein interac-
tions.
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摘要：我们对于两个主要人源基因组数据库 （NCBI 和 UniprotKB/Swissprot） 中已知功能的跨膜螺旋膜蛋白进
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